Spheroplasts were prepared by lysozyme digestion of the cell wall and ruptured by suspension in 0.15 M NaCl, followed by centrifugation at 30,900 x g for 35 min, and by a final suspension in 0.05 M NaCI for 12 to 16 hr at 5 C. The membrane ghosts were washed four times in tris(hydroxylmethyl)aminomethane (Tris) magnesium buffer and once in distilled water. The intact membranes resembled empty sacs with narrow slits in which the cytoplasm was extruded. A 92% recovery of cell membrane was obtained with all membrane preparations. The spheroplasts do not require a stabilizing medium to keep them from rupturing, and they are stable for 2 to 3 hr when exposed to a temperature of 65 C. The membrane content of the cell increases with age of culture (mid-log, 16.5%; late-log, 17.0%; and stationary, 17.6%) and temperature of growth (55 C, 16.5%; and 65 C, 17.8%), and it is unaffected by composition of the growth medium. The ratio of the protein to lipid content of the membrane increases with the complexity of the medium, age of culture (mid-log, 3.65; late-log, 3.91; and stationary, 4.15), and temperature of growth (55 C, 3.65; and 65 C, 5.22). The ribonucleic acid (RNA) and deoxyribonucleic acid (DNA) content of the membranes was 9.0 to 13.7% and 0.3 to 0.8%, respectively. Reducing sugar (determined as glucose) amounts to 0.9 to 1.0% of the membrane weight and did not significantly vary for the different membrane preparations. Medium composition, age of culture, and temperature of growth have no significant effect on the amount of each amino acid in the membrane. Aspartic acid, glutamic -acid, alanine, leucine, and lysine are present in the greatest amount and represent 12.9 to 14.1%, 10.4 to 11.3 %, 9.6 to 10.3 %, 7.7 to 8.8%, and 7.6 to 8.5 % of the membrane peptide, respectively. Prior to the rupture of the spheroplasts, 25.0, 15.7, and 50.0% of the protein, RNA, and DNA, respectively, is lost. In potassium phosphate-magnesium buffer without sucrose, 90 % of the protein and RNA and 95 % of the DNA is lost from the spheroplasts. In the presence of sucrose, the leakage of RNA and DNA is similar to that observed for spheroplasts suspended in Tris magnesium buffer; however, the leakage of protein is 2.4 times greater.
It is now generally agreed that the capacity of thetmophilic bacteria to grow at high temperatures is caused by their ability to synthesize cell constituents that have a greater heat stability than the corresponding components synthesized by mesophiles. The literature in this field has been extensively reviewed by Gaughran (14) , Allen (2), Koffler (19) , Farrell and Rose (10) , Campbell and Pace (7) , and Friedman (12) . Most of the studies have focused on the effect of temperature on growth and nutritional requirements of thermophiles or the thermal stability of macromolecules such as enzymes, flagella, deoxyribonucleic acid (DNA), soluble ribonucleic acid (RNA), 1 Present address: Biological Research Group, Avco Corporation, Wilmington, Mass. 01887. ribosomal RNA, and ribosomes. Brock (5) has suggested that the molecular mechanism of thermophily is more related to the stability of the membrane than to any one macromolecule; however, detailed studies on the cytoplasmic membrane of thermophiles are incomplete and have been concerned mainly with the membrane lipid. Heilbrunn (17) and Belehriadek (3) have postulated that the heat resistance of an organism is related to the melting temperature of the cell lipid. The temperature at which the lipids melt (degree of saturation) sets the maximal growth temperature. Gaughran (13) has reported a high degree of saturation of the lipids of a thermophile and that the lipids are relatively constant both in quantity and degree of saturation as the growth VoL. 97, 1969 SPHEROPLAST MEMBRANES OF BACILLUS STEAROTHERMOPHILUS 925 temperature is increased. Long and Williams (20) , however, have shown that when the growth temperature of a thermophile is changed from 37 to 55 C the lipid content of the vegetative cells is decreased by 34 .1 %. Cho and Salton (8) reported that the membrane lipid of Bacillus stearothermophilus is composed of over 50% of both C15
and C,7 branched chain fatty acids. The generally accepted definition of a protoplast (4) requires that the spherical, osmotically sensitive body be free of all cell wall components. Since chemical analysis of the membranes show the presence of glucosamine, we shall use the term "spheroplast" and "spheroplast membrane" to describe these bodies and the membrane ghost, respectively. In this paper, we describe the isolation and chemical composition of spheroplast membranes of an obligately thermophilic strain of B. stearothermophilus. The stability of the spheroplasts was also determined.
MATERIALS AND METHODS
The organism used in this investigation was B. stearothermophilus NCA 1503-4R (31, 39) .
Media and growth conditons. The media used were a MCHF medium (36) , which is a minimal medium supplemented with 0.1% casein hydrolysate ( (10 to 15 mg) were placed in calibrated conical centrifuge tubes containing 5 ml of 0.5 N HC104. The tubes were heated at 90 C in a water bath for 20 min, cooled, and centrifuged at 3,000 X g for 15 min. The supernatant fluids were decanted and used for the determination of RNA (9) and DNA (6) . The spheroplast and membrane wash supernatant fluids were diluted with an equal volume of 1.0 N HCl04 before the determination of RNA and DNA. Salmon sperm DNA and yeast RNA (Mann Research Laboratories) were used as standards.
Phosphorus determination. The phosphorus content of membranes (0.5 to 1.6 mg) was determined using the procedure described by Sutow and Welker (31) .
Sugar determination and chromatography. Membranes (10 to 15 mg) were placed in an acid-washed Pyrex tube (18 by 150 mm) and suspended in 2 ml of 0.5 N H2SO4. The tube was flushed with nitrogen, sealed, and heated to 105 C for 8 hr. The contents of the tube were neutralized with Ba(OH)2, and the precipitate was removed by centrifugation. The sample was deionized by passage through a column (0.9 by 4.0 cm) of Amberlite MB-3 (mixture of Amberlite IR-120 and IRA-410), lyophilized, and stored over P205 in a vacuum desiccator. The dried sample was dissolved in 10.0 or 0.5 ml of distilled water for the determination of reducing groups (18) and for analysis by ascending paper chromatography (36) , respectively. Reducing sugars and amino sugars were detected on developed chromatograms by the procedure described by Welker and Campbell (36) and by spraying with 0.2% ninhydrin in n-butyl alcohol, respectively.
Lipid extraction. Lipids were extracted from dried membranes (10 to 20 mg) or cells (30 to 40 mg) using a modification of the procedure described by Folch, Lees, and Sloane-Stanley (11). The extraction was performed with 10 to 15 ml of chloroform-methanol (2:1, v/v) in a Tenbroeck tissue grinder at ambient room temperature. The fine precipitate was removed by filtration through chloroform-methanol washed Whatman No. 1 filter paper. The extract was shaken with 0.2 volume of distilled water in a 100-ml separatory funnel and maintained at ambient room temperature for 16 to 18 hr to allow separation of the phases. The upper aqueous phase was carefully removed with a pipette, and the precipitate at the interface was collected by suction filtration through a sintered glass filter (fine porosity). The solvent layer containing the lipid was overlaid with 0.2 volume of 0.05 M CaCl2 and allowed to stand for 30 min. The CaCl2 layer was discarded, and the washing procedure was repeated once more with CaCI2 and once with distilled water.
The washed extract was evaporated in a stream of nitrogen, dissolved in 10 to 15 ml of chloroformmethanol, filtered through glass wool, and placed into a tared weighing bottle. The solvent was evaporated as before, and the residue was dried over P20 in a vacuum desiccator. Electron microscopy. Spheroplasts and membranes were fixed by using the procedure described by Schlessinger, Marchesi, and Kwan (28) . The fixed material was dehydrated in a graded series of ethyl alcohol and propylene oxide and embedded in an Epon-Araldite mixture. Sections were cut on an LKB microtome, mounted on uncoated copper grids, and stained with uranyl acetate (2% in 75% ethyl alcohol). Shadowed material was prepared by placing a droplet of an aqueous suspension of spheroplasts or membranes on a Formvar-coated copper grid, air-dried, and shadowed with nichrome. The grids were examined in a Hitachi HS-7 electron microscope at an initial magnification of 7,500 times.
RESULTS AND DISCUSSION Isolation of membranes. Cells were harvested by centrifugation in a Sorvall RC2-B refrigerated centrifuge equipped with a KSB-R continuous flow system. Cells from 13 liters of culture were suspended in 320 ml of 0.04 M Tris hydrochloride (pH 7.5), 0.01 M MgCl2 buffer (Tris magnesium buffer), and centrifuged at 6,870 X g for 10 min. The cells were suspended in 240 ml of Tris magnesium buffer and centrifuged at 6,870 X g for 10 min. After this washing procedure was repeated once more, the cells were suspended in 750 ml of Tris magnesium buffer. The washed cells were incubated with 50 ,ug of lysozyme per ml (Mann Research Laboratories) for 10 to 20 min at 37 C with occasional agitation. The conversion of rods to spheroplasts was followed with a phase-contrast microscope. The spheroplasts were centrifuged at 7,970 x g for 15 min, suspended in 140 ml of Tris magnesium buffer, and centrifuged at 7,970 X g for 15 min. After this procedure was repeated twice more, the spheroplasts were suspended in 140 ml of 0.15 M NaCl, centrifuged at 30,900 x g for 35 min, and suspended in 500 ml of 0.05 M NaCl. Rupture of the spheroplasts occurs after 12 to 16 hr at 5 C. The membranes were centrifuged at 17,300 X g for 15 min and suspended in 80 ml of Tris magnesium buffer. After this washing procedure was repeated three more times with Tris magnesium buffer and once with distilled water, the membranes were suspended in 10 to 15 ml of distilled water, lyophilized, and stored over P205 in a vacuum desiccator at ambient room temperature.
An electron micrograph of a spheroplast membrane of B. stearothermophilus 1503-4R is shown in Fig. 1 . All of the shadowed membrane preparations examined in the electron microscope consisted of membranes which had split in half. Sometimes the two halves are still attached by a narrow membrane connection. Phase-contrast microscopy of membrane suspensions as well as light microscopy of membrane suspensions stained with Victoria blue (25) showed that 98% of the membranes were intact. The membrane ghosts resemble empty sacs with narrow slits in which the cytoplasm was extruded. The membrane suspensions are relatively free of membrane fragments.
A thin section of a spheroplast membrane pellet is shown in Fig. 2 . All of the membranes appear intact, except where the section was cut through the site of the rupture (see arrows). The membrane ghosts are free of electron-dense cell wall and contain a scattering of ribosomes. The presence of a relatively dense mat of ribosomes in some of the membrane ghosts could be a result of their physical entrapment at the time of spheroplast rupture or to the presence of intact spheroplasts in the membrane preparation.
A comparison of the total lipid content of the cell and the spheroplast membrane indicated that 8 % of the lipid was lost during the isolation procedure. The loss of lipid could be explained as lipid not associated with the membrane, to the loss of small fragments from the outer membrane, or to a loss of the intracytoplasmic membrane system (1). The spheroplasts of B. stearothermophilus are relatively insensitive to changes in osmotic pressure and do not need a stabilizing medium to keep them from rupturing. An electron micrograph of an intact spheroplast is shown in Fig. 3 . The spheroplasts can only be ruptured by suspension in 0.15 M NaCl, followed by centrifugation at 30,900 X g for 35 min, and a final suspension in 0.05 M NaCl at 5 C for 12 to 16 hr. Only 10 to 20% of the spheroplasts rupture if this procedure is changed.
If the pH of the Tris magnesium buffer is adjusted to 6.3, a phage lytic enzyme can be used to remove the cell wall (39) reported that it was not necessary to add Mg++ to Tris buffer during the isolation of membranes from mesophilic bacteria.
Suspensions of spheroplasts or protoplasts of most other mesophilic bacteria will rupture in hypotonic media or upon mechanical manipulation, even in the presence of osmotic stabilizers (22, 23, 34) . Spheroplasts were prepared from a mesophile, B. amyloliquefaciens F (38) , using the same procedure, so that a comparison of spheroplast stability could be made. It was found that during the lysozyme incubation step the resulting spheroplasts began to rupture within 5 to 10 min, and complete rupture was observed after 20 min. An electron micrograph of B. amyloliquefaciens F cells which were incubated with lysozyme for 10 min is shown in Fig. 4 of a combination of factors such as the growth conditions, analytical procedures, and membrane isolation and washing procedures (27) . The protein to lipid ratio increases with the complexity of the medium (MCHF, 3.32; dilute-TYF, 3.50; and TYF, 3.65), age of culture (mid-log, 3.65; late-log, 3.91; and stationary, 4.15), and temperature of growth (55 C, 3.65; and 65 C, 5.22). A 10-degree increase in the growth temperature results in the greatest change in the protein to lipid ratio. The data presented in this paper indicate that the protein and lipid content of membranes isolated from B. stearothermophilus NCA 1503-4R is dependent upon age of culture, medium composition, and temperature of growth. Shockman et al. (30) have reported that the chemical composition of membranes isolated from Streptococcus faecalis varies significantly with age of the culture and medium composition. In contrast, Salton and Freer (26) showed that growth conditions had no effect on the membrane composition of several gram-positive bacteria.
The RNA content of membranes isolated from mid-log phase cells grown in MCHF, dilute-TYF, and TYF medium is 9.0, 10.9, and 13.7%, respectively ( Table 3 ). The DNA content of the membranes is 0.3, 0.6, and 0.8% in the three media. Membranes from mid-log phase cells contained 13.7% RNA and 0.8% DNA. Membranes from late-log and stationary-phase cells each contained 11.0% RNA and 0.5% DNA. A 10-degree increase in growth temperature (55 to 65 C) had no effect on the RNA content of the membrane, but the DNA content was lowered by 37.9%. The phosphorus values include both the phospholipid and nucleic acid phosphorus. The RNA content of the membrane can be lowered to a value of 0.8 to 3.0% by treatment with 10-3 M EDTA or by eliminating MgCI2 from the Tris magnesium buffer after the lysozyme step. The results presented in this paper indicate that the 9.0 to 13.7% RNA remaining with the spheroplast membranes represents ribosomal RNA. The amount of reducing sugar (determined as glucose) in the membrane was 0.9 to 1.0% and a Spheroplasts were isolated from mid-log phase cells grown in TYF medium at 55 C, using the procedure described in the text.
b Percentage of the total is calculated from the protein, RNA, and DNA content of the cells from which the spheroplasts were isolated. (35) , Micrococcus lysodeikticus (16, 26) , Staphylococcus aureus (24, 32) , S. faecalis (30), B. licheniformis (26) , Sarcina lutea (26), Listeria monocytogenes (15) , and M. dentrificans (29 
